The activity of phosphatidylinositol 4-kinase class III beta (PI4KIIIβ) has been shown to 13 be required for the replication of multiple picornaviruses, however it is unclear whether a 14 physical association between PI4KIIIβ and the viral replication machinery exists and if it 15 does, whether association is necessary. We examined the ability of the 3A protein from 16 18 different picornaviruses to form a complex with PI4KIIIβ by affinity purification of 17 Strep-tagged transiently transfected constructs followed by mass spectrometry and 18 western blotting for putative interacting targets. We found that the 3A proteins of Aichi affinity purification revealed that copurification of PI4KIIIβ could be eliminated by 30 mutation of specific residues, with little or no effect on recruitment of ACBD3. One 31 mutation at the N-terminus, I5A, significantly reduced copurification of both ACBD3 and 32
Introduction 54
Reorganization of cellular membranes has been recognized as a critical aspect of 55 positive-stranded RNA viral replication (30) . Positive-stranded RNA viruses use 56 membranes from distinct cellular organelles to concentrate and protect RNA replication 57 machinery from cellular defenses. Among the picornaviruses, poliovirus and other 58 enteroviruses devote their 3A and 2BC genes to reorganizing cellular membranes 59 associated with the Golgi apparatus (38) . Consistent with reorganization of the Golgi, the 60 3A proteins from multiple enteroviruses are also responsible for the shutdown in cellular 61 secretion associated with enteroviral infection (8) . Recent work has suggested that the 62 binding of the protein Golgi-specific brefeldin A-resistance guanine nucleotide exchange 63 factor 1 (GBF1) by enteroviral 3A is required for the secretion phenotype and viral 64 replication (2, 22) .
65
Recent work has also demonstrated the importance of the phosphatidylinositol 4-66 phosphate (PI4P) composition of membranes associated with positive-stranded RNA 67 replication (18) . This model suggests that GBF1 binding of poliovirus 3As is important 68 vis-à-vis recruitment of phosphatidylinositol 4-kinase class III, catalytic subunit β 69 (PI4KIIIβ) to replication complex membranes. In this model, the change in 70 phosphoinositol membrane lipid composition resulting from PI4 kinase activity is 71 expected to directly recruit the viral RNA dependent RNA polymerase via its PI4P-72 binding domain. The requirement for PI4 kinase activity has also been demonstrated in 73 enterovirus 71 (1) . Furthermore, two known anti-enteroviral drugs have been shown to 74 have anti-PI4K activity, supporting the notion that PI4KIIIβ inhibitors may have promise 75 as broad-spectrum picornavirus therapeutics. However, the Picornaviridae family ishighly diverse, and the relationship between other members of this family and PI4KIIIβ 77 is unclear. 78
Among the most divergent animal picornaviruses are those that belong to the 79 kobuvirus genus, including Aichi virus (33, 39) . Originally isolated in Japan from patients 80 with oyster-associated gastroenteritis in 1991, Aichi virus has a worldwide reach with a 81 relatively high seroprevalence (33, 39) . Several other kobuviruses including bovine, 82 porcine, sheep, canine, murine, and chiroptera (bat) strains have been discovered from 83 stool in the past decade, as well as a kobu-like agent of a closely-related Picornaviridae 84 genus, klassevirus/salivirus (13, 15, 19, 23, 24, 31, 32, 40) . 85
In this study, we characterized associations between the picornavirus 86 nonstructural protein 3A and host factors using a mass spectrometry-based proteomic 87 approach. We found that transiently expressed strep-tagged 3A protein from Aichi virus 88 and bovine kobuvirus both copurified PI4KIIIβ and a Golgi adaptor protein, acyl-CoA 89 binding domain protein 3 (ACBD3 or GCP60), under stringent capture and wash 90 conditions. In the process, we found that Aichi virus 3A is myristoylated at its N-91 terminal glycine, despite the fact that it lacks a recognizable N-myristoyl-transferase 92 (NMT) motif. By Western blot detection, we found ACBD3 to be stably associated with 93 several picornaviruses, including poliovirus, Aichi virus, bovine kobuvirus, porcine 94 kobuvirus, human rhinovirus 14, and Coxsackie B viruses. We also found that the 95 association with PI4KIIIβ and 3A proteins was more stable with Aichi virus and bovine 96 were subjected to a high resolution MS scan of the precursor and then a CID 175 fragmentation MS/MS scan. 176
Mass spectrometry peak lists were generated using in-house software called 177 PAVA, and data were searched using Protein Prospector software v. 5.8.0 (26, 6) . Database 178 searches were performed against the Homo sapiens plus Picornaviridae subset of the 179 NCBInr Refseq database (January 14, 2011) , to which were added virus clone sequences 180 missing from the public database, totaling 37,526 entries. This database was 181 concatenated with a fully randomized set of 37,526 entries for estimation of false 182 discovery rate (11) . Data were searched with a parent mass tolerance of 20 ppm on the 183 LTQ-FT or 0.8 Da on the LTQ, and fragment mass tolerances of 0. For mapping of potential post-translational modifications (PTMs) on the 3A bait 215 proteins themselves, alternate digests using AspN or GluC instead of trypsin were 216 analyzed using targeted analysis. In these searches, additional post-translational 217 modifications were allowed, including N-myristoylation, phosphorylation of serine, 218 threonine or tyrosine, and GlyGly as a signature of ubiquitinylation on Lys. Non-specific(one) and missed cleavages (increased to two) were also allowed, as would be consistent 220 with GluC and AspN reaction conditions. The peptide expectation value threshold was 221 increased to 0.001 and spectra matches were manually validated to eliminate false 222 positive identifications. Complete mapping of Aichi 3A wild-type construct is reported 223 in a peptide summary in Supplemental Table 2 . The most significant biological PTMs 224 were found to be myristoylation and acetylation of the N-terminal glycine. All identified 225 myriostoylated peptides in kobuvirus 3A proteins were manually verified, with example 226 spectra provided in Figure 1 . 227
228

Viral luciferase replicon assay 229
Renilla luciferase replicons were created using the synthetic virus plasmid pAV- 
Results
273
Aichi virus, bovine kobuvirus, and klassevirus 3A proteins are myristoylated. 274
To identify proteins that interact with the main membrane reorganizing 3A 275
protein of picornaviruses, we undertook an unbiased screen using single-step affinity 276 purification of C-terminally strep-tagged 3A proteins in 293T cells followed by mass 277 spectrometric peptide sequencing analysis of in solution trypsin digests. Careful 278 inspection of the mass spectrometry data identified a myrisotoylation on the N-terminal 279 glycine of Aichi 3A, bovine kobuvirus 3A, and klassevirus 3A ( Figures 1A-E) . The 280 activity of N-myristoyltransferase (NMT) enzymes is strongly dependent on the first five 281 residues, with an N-terminal glycine being absolutely required (28) . The N-terminal 282 sequence of Aichi virus 3A is GNRVIDAE. Although algorithms such as NMT-The Myr 283 Predictor (http://mendel.imp.ac.at/myristate/SUPLpredictor.htm) and ExPASy 284
Myristoylator do not predict the N-terminus of any of the kobuviruses to be NMT 285 substrates, in vitro experiments using human NMT1 have shown synthetic octapeptides 286 such as GNRAAARR to be valid substrates with kinetics comparable to other known 287 substrates (3, 34) . 288
To explore the functional effects of myristoylation, N-terminal mutations of the 289
Aichi virus 3A protein were analyzed. Mutation of Aichi virus G1A abolishes 290 myristoylation, as does N2A and R3A, while V4A, I5A, D6A, and E8A mutants retain N-291 terminal myristoylation as measured by mass spectrometry analysis of the affinity-292 purified protein. Mass spectra for the I5A and R3A mutations of Aichi virus 3A are 293 shown in Figure 1D and E, and unique peptide identifications for this analysis are 294 provided in Supplemental Table 3 . Targeted analysis of MS spectra for affinity 295 purifications of 3A proteins derived from Coxsackieviruses B2, B3, and B5, enterovirus 296 71, poliovirus 1, and human rhinovirus 14 did not reveal evidence of N-terminal 297 myristoylation despite recovering significant peptide counts for unmodified or acetylated 298 N-termini. The cardioviruses, theilovirus strains TMDA, BeAn, and TMGDVII, and 299
Saffold viruses UC6 or Saf2 have serine as their start residues and thus cannot be 300 substrates for NMTs. For all 3A affinity purification experiments, additional searches 301 were performed for other post-translational modifications, including phosphorylations, 302
GlyGly signatures for ubiquitination, as well as broad mass range modifications of up to 303 500 atomic mass units. With the exception of N-terminal acetylation, cysteine 304 carbamidomethylation, pyroglutamylation of glutamine, and oxidation, no other 305 modifications were detected in these experiments. 306
The 3A protein was also frequently observed to run as a doublet at 15 and 17 kDa 307 by SDS-PAGE (for example, see Figure 2A ) with detection by silver stain or by anti-308
Strep-tag antibody in Western blot format. In the case of Aichi 3A, mass spectrometric 309 analysis confirmed that both bands contained full-length 3A protein, the lower band co-310 migrating with streptavidin. Despite extensive searches, no post-translational 311 modifications, including myristoylation, could be found that explain a mass shift in these 312 bands, suggesting that these may be conformationally resolved forms of the protein. N-313 terminal and C-terminal peptides for wild-type and mutant Aichi 3A proteins are 314 provided in Supplemental Table 4 . 315
316
Method for determining specific interactions from mass spectrometry data 317
To identify proteins that specifically interact with picornavirus 3A within the set 318 of proteins identified by mass spectrometry, we first attempted to use a strep-tagged GFP 319 as a negative control for non-specific interactions. The combined protein identifications 320 across four replicate experiments for Aichi 3A and GFP, resulted in approximately 70 321 and 40 putative interacting proteins respectively (Supplemental Tables 5 and 6 ). Based 322 on these results, we determined that strep-GFP did not adequately sample the spectrum of 323 non-specific interactions in this experimental system, consistent with observations by 324 other groups (7, 17) . 325
Therefore, we chose instead to perform a comprehensive analysis of background 326 proteins assessing their ability to interact with multiple unrelated viral proteins, 327 consisting of 91 unique non-3A picornaviral bait proteins assayed in 293 individual 328 experiments (Methods). The set of background interacting proteins was then used to 329 derive the specificity for virus bait-host protein interactions, ranked using Z-scores. To 330 minimize false positives, we report interactions that pass a highly conservative Z-score 331 threshold of 10 and whose preys are represented by a minimum of 2 peptides in at least 332 two biological replicates. To further strengthen confidence in the analysis, Aichi 3A 333 affinity purifications were compared against those of 3A proteins from across 15 diverse 334 picornaviruses. The most specific protein interaction partners for each 3A protein were 335 ranked using the Z-score metric, and resulted in a refined list of candidate interactions 336 (Table 1) . This methodology for scoring interactions was in part confirmed by the top 337 ranking of GBF1 for poliovirus and Coxsackievirus 3A proteins. Prior to this study, 338 GBF1 was the only confirmed protein to copurify with any picornaviral 3A. The 339 complete table of Z-scores for all identified interacting proteins across all picornaviral 3A 340
proteins tested is reported in Supplemental Table 7 . 341 342 AP-MS of C-terminally Strep-tagged Picornaviral 3A proteins copurify PI4KIIIβ 343 and ACBD3. 344
The top-ranked protein identified in affinity purifications with both Aichi virus 345 3A and bovine kobuvirus 3A was PI4KIIIβ (Table 1 ). PI4KIIIβ interaction with Aichi 346 virus 3A and bovine kobuvirus 3A was confirmed by Western blot (Figure 2A) . 347 Intriguingly, one peptide to PI4KIIIβ was found in one replicate of Coxsackievirus B5 348 affinity purification by MS, and a weak positive result by Western blot (Figure 2A) was 349 also observed. To investigate whether other 3A proteins such as poliovirus 3A might still 350 interact with PI4KIIIβ more transiently, affinity purifications for selected enteroviral 3As 351
were repeated under more rapid kinetic conditions, using short binding and washing steps 352 and capture on magnetic StrepTactin beads (7). Using this more rapid procedure, 353
PI4KIIIβ was detected by affinity purification with 3As from poliovirus, human 354 rhinovirus 14, and Coxsackievirus B3 ( Figure 2B ). We note that the 3A protein from 355 rhinovirus 14 also captured GBF1, consistent with HRV sensitivity to Brefeldin-A (16) . 356
The second-ranking protein identified in the Aichi 3A affinity purifications was 357 acyl-CoA binding domain protein 3 (ACBD3), also known as Golgi complex-associated 358 protein GCP60 (Table 1) . This protein was also affinity purified specifically by the 3A 359
proteins of multiple picornaviruses, including poliovirus, Aichi virus, bovine kobuvirus, 360 porcine kobuvirus, human rhinovirus 14, and Coxsackie B viruses. Although the 3A 361
protein of EV71 did not copurify ACBD3 these conditions, we note that it did copurify 362 with a different acyl-CoA binding protein, ACAD9. Although it was not detectable by 363
Western blot (Figure 2A ), a single peptide for ACBD3 was detected in an EV71 3A 364
protein AP-MS experiment using rapid capture and wash steps on StrepTactin sepharose 365 beads (data not shown), thus we cannot exclude interaction of EV71 with ACBD3. 366 ACBD3 is a Golgi resident protein that has been implicated in multiple cell signaling 367 systems, including Golgi complex maintenance, steroidogenesis, and apoptosis (12) . 368
Interaction between ACBD3 and picornaviral 3As was confirmed by Western blot 369 (Figure 2A ). Furthermore, Aichi 3A and PI4KIIIβ were both immunoprecipitated by 370 anti-ACBD3 antibody in Aichi 3A transfected 293T cells as detected by mass 371 spectrometry (Supplemental Table 8 ). However, in the absence of Aichi 3A, endogenous 372 PI4KIIIβ and ACBD3 did not co-precipitate with each other, suggesting that 3A 373 specifically stabilizes the complex containing both of these proteins (Supplemental Table  374 8). 375
To test whether ACBD3 and PI4KIIIβ have direct interactions in the absence of 376
Aichi virus 3A, C-terminally Strep-tagged ACBD3 was transiently transfected and 377 affinity purified using the rapid binding and washing protocol with and without a series 378 of 3A proteins from entero and kobuviruses. In the absence of any transfected 3A 379
proteins, PI4KIIIβ was found to co-purify with ACBD3 (empty vector lane, Figure 3 To identify the critical residues for the interaction between Aichi 3A, PI4KIIIβ, and 395 ACBD3, we employed alanine scanning of the 95 amino acid Aichi 3A protein. In total, 396 all 87 non-alanine residues were converted to alanine with a focus on single site mutants 397 on the N-terminal half, where all Aichi 3A sequences in GenBank are 100% conserved, 398 in addition to multi-site mutants on the C-terminus ( Figure 3A) . Of 87 positions mutated 399 (grey squares, Figure 4B ), approximately 20 residues (black squares, Figure 4B) , 400 clustered at the N-terminus, severely reduced or abolished copurification of PI4KIIIβ 401 (<10% of wild type, normalized to expression of the 3A protein in each experiment). In 402 particular, mutation of R3A, I5A, NR2AA, NRV2AAA, and NRVI2AAAA abolished or 403 reduced the amount of PI4KIIIβ and ACBD3 interaction by more than 90%. Although 404 the R3A mutation, along with G1A, both eliminate the N-terminal myristoylation of 405
Aichi virus 3A, the lack of myristoylation does not account for the loss of PI4KIIIβ and 406 ACBD3 interaction, since N2A, which also eliminates the N-terminal myristoylation, has 407 no effect on copurification of either of these proteins ( Figure 3A PIK93 is a small molecule inhibitor of PI4KA and PI4KIIIβ (20) . It has previously been 419
shown to block the replication of poliovirus and hepatitis C virus replication with an EC 50 420 of 0.14 and 1.9 μM, respectively (1) . The addition of 0.5 μM and 1.0 μM PIK93 421 demonstrated a dose-dependent inhibition of Aichi virus replication similar to the dose-422 dependent decrease observed with poliovirus ( Figure 5A&B) . 423
Stable shRNAs were used to reduce or nearly eliminate PI4KIIIβ expression in 424 293T cells, using previously published shRNAs ( Figure 5C&D ) (5) . PI4KIIIβ mRNAtranscript abundance was reduced by up to 98% as normalized to the expression of the 426 ribosome gene RPL19 ( Figure 5E ). The shRNA-dependent knockdown PI4KIIIβ protein 427 expression was also confirmed by Western ( Figure 5F While these results demonstrate a requirement for GBF1, it is possible that the replication 439 defect is actually due to a loss of PI4KIIIβ indirectly caused by a loss of GBF1. These 440 results support the hypothesis that the presence and activity of PI4KIIIβ is essential for 441
Aichi virus replication, similar to what has been shown previously for poliovirus (18) . 442
These data also support the hypothesis that ACBD3 is functionally important for 443 picornavirus replication presumably by facilitating the interaction with PI4KIIIβ. 444
445
Reduced recruitment of PI4KIIIβ correlates with delayed or altered replication 446 kinetics of Aichi virus replicons 447
To further assess the requirement of the association between Aichi virus 3A and 448
PI4KIIIβ for viral replication, we tested viral replication after replacing the wild-type 3A 449
sequence with a series of point mutants based on our affinity purification results. No 450 replication above background was measureable in the context of the Aichi virus replicon 451 with the E11A mutation, which significantly disrupted copurification with PI4KIIIβ, and 452 reduced, but did not eliminate ACBD3 association ( Figure 7A . 485
Through genetic and chemical inhibition, we have demonstrated a requirement for 486
PI4KIIIβ for Aichi virus replication, and we further defined the molecular determinants 487 in Aichi virus 3A that are required for its physical association with ACBD3 and 488
PI4KIIIβ. 489
ACBD3 is localized in the Golgi apparatus and contains an acyl-CoA binding 490 domain, a putative nuclear localization signal, and a GOLD lipid trafficking domain (12) . 491
Mutation and over expression of ACBD3 can cause disruption of the Golgi, implicating it 492 in the maintenance of Golgi structure and function (37) . It has also been implicated in a 493 wide variety of cell signaling processing from lipid transport to apoptosis. Though a 494 genetic interaction with acyl-CoA binding protein and bromovirus replication has been 495 demonstrated in yeast, our study is the first to demonstrate a physical interaction between 496 a picornavirus and a host protein involved in acyl-CoA binding (21) . The 3A protein of 497 EV71, the one enteroviral 3A that did not strongly copurify ACBD3, instead copurified 498 with another acyl-CoA binding protein, acyl-CoA dehydrogenase family member 9(ACAD9). These interactions suggest a potential mechanism for the localization of viral 500 replication complexes to the ER-Golgi. It further suggests a role for lipid signaling and 501 trafficking for the replication of picornaviruses. It is notable that despite alanine 502 scanning almost the entirety of the Aichi virus 3A protein, only two mutations, R3A and 503 I5A, could significantly disrupt association with ACBD3. In addition, affinity 504 purification of ACBD3 in the presence of Aichi 3A revealed the presence of an SDS-and 505 DTT-resistant Aichi 3A-ACBD3 complex suggesting a highly stable interaction. Given 506 the known roles of ACBD3 in Golgi structure and function, we hypothesize that this 507 protein, in association with 3A, serves as a scaffold for the generation of viral replication 508 complexes and membrane remodeling. 509
The discovery of a myristoylation on Aichi virus, bovine kobuvirus, and 510 klassevirus 3A is the first demonstration of myristoylation on a non-structural 511 picornavirus protein. The 3A protein is myristoylated despite the presence of a non-512 canonical N-terminal sequence. Many viral proteins have previously been shown to be 513 myristoylated, including retrovirus gag protein, HIV nef protein, hepadnavirus L protein, 514 arterivirus E protein, as well as the VP4 capsid protein of poliovirus and foot-and-mouth 515 disease virus (29) . The myristoylation on at least two different picornaviral proteins is 516 significant as it suggests a potential contributing mechanism for membrane association 517 and reorganization, as well as a potential mechanism for concentrating picornaviral 518 proteins and associating RNA replication with encapsidation. Nonetheless, we found that 519 while myristoylation of 3A contributed somewhat to the binding of PI4KIIIβ, this post-520 translational modification was not a determinant for binding of ACBD3. Interestingly, 521 the binding of the cellular protein NCS-1 to PI4KIIIβ has been shown to be dependent onmyristoylation of NCS-1 (18). It is plausible that myristoylation may serve as an 523 enhancer of PI4KIIIβ activity or recruitment, but its precise role remains to be 524
determined. 525
Our results also suggest that while inhibition of PI4KIIIβ may delay viral 526 replication, even a very low affinity interaction between 3A, ACBD3, and PI4KIIIβ or 527 partial activity of the enzyme may be sufficient to support viral replication. Indeed, 528 mutants such as L20A or M34A, which do not affinity purify with PI4KIIIβ but retain 529 their association with ACBD3, show only modest reductions in replication. Even more 530 striking is the NRVI2AAAA mutant, which fails to recruit both PI4KIIIβ and ACBD3 531 and lacks the N-terminal myristoylation, and yet this mutant is still supports replication. 532
Nevertheless, we have shown that the NRVI2AAAA mutant results in a 20-fold greater 533 sensitivity to chemical inhibition of PI4KIIIβ. This is similar to the effect observed in 534 poliovirus, where the 3A-2 mutant, which has reduced ability to bind GBF1, replicates at 535 near wild-type levels, and displays enhanced sensitivity to the GBF1 inhibitor brefeldin A 536 (2). Furthermore, the ability to isolate 3A mutants that do not copurify with PI4KIIIβ 537 suggests that 3A may influence ACBD3's ability to recruit PI4KIIIβ and is not merely 538 The investigation of multiple picornaviruses in our work demonstrates the broad 547 importance of a common strategy for enterovirus and kobuvirus replication. Despite 548 differences in their associations, such as enterovirus 3A binding of GBF1, these two 549 genera ultimately operate through a common platform, the golgi adaptor ACBD3, to 550 recruit PI4KIIIβ. Tables  698   699   Table 1 
